The study discloses outputs from examinations devoted to charges of oxidizers and their impact on behaviour of missile engine operation with particular attention to measures that
Introduction
Rapid development of technologies for aircraft weapons enforces integration of newly designed combat systems on aircrafts that have been already in opera-tion. It is connected with a need to carry out a series of research studies to confirm the efficiency and safeness of using such combat system.
The attention is focused on characteristic features of air-launched missiles, in particular on their impact onto carriers. The basic requirement is to avoid any disturbances to flight parameters of carrying aircrafts by air-launched missiles as well as any adverse impact onto operation of other on-board systems. One of the undesirable effects of launched missiles onto carrying aircrafts is the impact of a stream of gunpowder gas ejected by missile engines onto operation of a turbojet engine installed on the aircraft since the disturbances may lead to compressor stall of the aircraft engine. It is the effect that took place in the past when missiles were provided with engines supplied with high-energy solid propellant with negative oxygen balance. Combustion products of such engines are rich with incompletely combusted particles of carbon and hydrogen and, in addition, the temperature of such particles is about 1,200K. Therefore these particles are immediately afterburnt behind the jet of the missile engine, which entails deficit of oxygen behind the launched missile. When a series of missiles is launched from an aircraft in-flight it leads to formation of a hot and oxygen-lean zone that follows the missiles. Entering of the aircraft into that zone may lead to compressor stall of its engine or even to the engine kill. To prevent the engine stall effect, the efforts were initiated to modify the engine of rocket missiles, however only slight design alterations were possible because all aerodynamic and ballistic characteristics of the missiles had to be maintained. The decision was made to embark on studies intended to alter the oxygen balance of gunpowder gases ejected by the missile engine with no modifications to the composition of the gunpowder (solid propellant) body.
Theoretical analysis
One of the methods that make it possible to alter oxygen balance of products from combustion of missile fuel consists in introduction of an oxidizer charge right into the combustion chamber. Such method enables the change of energetic parameters attributable to combustion products emitted by missile engines (gas temperature) with no modification to design of major components and subassemblies of the engine (such as the combustion chamber, jet, igniter). It also preserves the characteristics of inner ballistics (operation pressure and unit pulse). The equations for afterburning reaction of combustion products released by a missile engine, as below, exhibit the impact of the K 2 SO 4 oxidizer onto positive oxygen balance of the exhaust gas mixture that is formed behind the missiles.
The afterburning reaction that uses only air oxygen, with no oxidizer
The afterburning reaction that uses also oxygen from the oxidizer
Since the missile engines use nitropolymer fuel, the specific characteristics of that fuel encouraged to carry out the analysis of potassium salts applicability as oxidizing charges since these salts act as inhibitors that restrain initiation of flames from hot hydrocarbons that are ignited when these hydrocarbons mix with atmospheric air. The decomposition reactions of potassium salts are endothermic, which allows using them as suppressors of afterburning flames. In practice, these salts may be introduced into the solid propellant as an admixture or they may present external, separate charges that are placed inside the combustion chamber of a missile engine. The literature references report that in case of the first approach the afterburning flame is fully suppressed when 1.14% w/w of potassium nitrate or 4% of potassium sulphate is added to the propellant and such admixtures are sufficient to hold back flames during the entire time of propellant combustion. For the second case, such suppression of a flame lasts only 20% of the entire time of the missile engine operation. In case of the second solution the weight of additional charges of potassium sulphate makes up ca. 3% of the total weight of solid propellant. The much shorter time of flame suppression achieved for the second case, despite the comparable amount of the inhibitor, results from the fact that the admixture is placed in the flame area of the fuel combustion wave, where temperature of gases reaches as much as 2700 K, i.e. it substantially exceeds the decomposition temperature of K 2 SO 4 (1962 K). Under such circumstances the decomposition process may be very violent and the reaction time shall depend on the radial thickness of K 2 SO 4 charges. Since the ration of the fuel charge thickness and the thickness of potassium sulphate layer is 2.75, the velocity of decomposition front for K 2 SO 4 charges shall be higher than the velocity of fuel combustion.
The effect of the afterburning flame suppressor, in that case the potassium nitrate (KNO 3 ), is shown in Fig. 1 . 
Experimental investigations
The investigations involved charges of potassium sulphate (VI) salt, where the technology for manufacturing of the charges had to be developed beforehand. The technology assumes that the charges of potassium sulphates are glued together of two components that are made as compressed sleeves placed on a stainless steel rod. The powder compacts are made of granulate where grains of potassium sulphate are coated with an adhesive substance. The granulate was developed on the basis of tests intended to minimize content of binder and to achieve optimized properties of powder compacts. The average total weight of the K 2 SO 4 salt charge is 120.1 g, whilst the weight of active potassium salt is 105.1 g. The average length of salt charges as shown in Fig. 2 is 489.4mm. The investigation program made use of three missile engines, where one engine was provided with a charge of oxidizer. The way of introducing the K 2 SO 4 charge into the engine is shown in Fig. 3 . The investigations related to temperature of gunpowder gas stream and the thrust of the missile engine were carried out on the vertical test bench that is shown in Fig. 4 . The missile engine was fixed vertically in two yokes with its jet JET OXIDIZER BAR FUEL IGNITER looking upwards. The engine thrust was measured with use of a measuring system with its major component, i.e. the piezoelectric sensor from PCB Electronic, mounted in a socket of the impact retaining board. The measurement results were recorded by oscilloscope. The recording was triggered by a voltage signal provided by the piezoelectric sensor and delivered to one of the oscilloscope input channels. Measurement data were stored as a text file and then processed within spreadsheet software. The recorded waveforms for the engine thrust were used to calculate the value of the engine overall pulse according to the formula:
where: Ic -overall pulse of the engine thrust, P -thrust force.
The calculations enabled to find out the pulse values of the overall engine thrust that are summarized in the Table 1 below. The foregoing results reveal only slight discrepancies of the engine thrust after installation of an oxidizer bar (Fig.5) , which has practically no effect on ballistic properties of missiles. The measurements detected much higher peak of the engine thrust force during the initial phase of the engine run (Fig. 6 ). It may indicate that the missile engine is launched under conditions of unsteady erosion, which is typical for engines with combustion of fuel on their lateral surfaces. It is caused by the fact that the oxidizer has been introduced into an existing engine chamber whilst the combustion chambers with increased degree of filling and with fuel combustion on lateral surfaces tend to switch over to the unsteady mode of operation.
The temperature in the stream of exhaust gases was measured on two independent measurement chains. The first one comprised two nickel and chromium thermocouples of the TP-201K-1a type from Czaki and an oscilloscope that was used to record measurement results. The thermocouples were attached to immobile long bar and aligned to the central axis of the engine under tests within the distance of 1.5m and 3m from the jet exhaust. Location of thermocouples enabled measurements of temperatures inside the afterburning flame. The recording process was tripped by a voltage signal supplied from the control panel designed to launch missile engines. The temperature waveforms were recorded in two measuring channels of LeCroy WJ334 oscilloscope. These waveforms were stored as a text file and then subjected to processing within spread- sheet software in order to obtain the set of values for the function T = f(t). An exemplary set of the temperature waveforms is shown in Fig. 7 . Results from investigations of missile engines with the K 2 SO 4 charges inside were compared against the results from tests when the engines run without the oxidizer. The obtained results from temperature measurements confirm the assumed thesis that introduction of oxidizing charges into combustion chambers of missile engines contributes to reduction of gunpowder gas temperature. The temperature waveforms recorded during investigations indicate the combustion time for the charge of K 2 SO 4 oxidizer equal to ca. 600ms, whilst the flame temperature for combustion with active oxidizer was reduced to 750K.
The second path for temperature measurements comprised a set of two thermovision cameras. Both cameras were positioned within the distance of 4m from the central axis of the missile engine. The thermovision images were recorded within the bandwidth form 3 to 5 μm by means of the FLIR SC6000 HSDR thermographic system provided with the antimony and indium (InSb) detector of infrared radiations with the matrix resolution of 640×512 pixels. The system was provided with the ND3 filter for infrared radiations and optical lens with the focal distance of 25mm. The system was calibrated for the temperature range from 100 The following four planar areas were selected for the thermographic analysis: -schematic section across the exhaust cone (Fig. 9 ) enabled to estimate temperature of exhaust gas immediately after it leaves the exhaust jet (Fig.  10 ), -schematic section across the exhaust stream (Fig.10) that represents a combination of exhaust gas and air -it is so called afterburning area or the area of secondary flame (Fig.12) , -quasi-dot area located within the distance or ca. 1m from the exhaust jet (Fig. 13, 14) , -quasi-dot area located within the distance or ca. 2m from the exhaust jet (Fig. 15, 16 ),
The changeover from recording of temperature variations in single points to temperature measurements across quasi-dot planar areas (refers to the areas marked with number 9 and 10) was intended to get rid of huge temperature fluctuations that are associated with violent phenomena:
-turbulent flow, -combustion of gases.
Substitution of points with areas of small surface as well as readouts of average temperatures across these surfaces made it possible to achieve results that were easier to interpret. Finally, variations of the average temperature over the time periods could be determined.
Waveforms of temperature variations were drawn up for each of the mentioned areas and compared between the three engines (on a single graph).
• the area of the exhaust cone for jets of the three engines (Fig. 9 ) -temperatures of exhaust gases are nearly identical for all the engines and range from 770 to 800 K; which serves as the evidence that admixture of any additives is irrelevant to the temperature of exhaust gas (Fig. 10 ),
• the area of secondary flame (Fig.11 ) -for engines #1 and #2 the combustion temperatures are quite similar and range from 1070 to 1120K, in contrary to the behaviour of the engine #3, where the temperature within ca. 50 ms after the engine launching drops down from the initial ca. 1070K to about 770K and is maintained at the level during the subsequent 0.3 s and then returns to the value of 1070-1120K over the period of 0.1 s (Fig. 12) , '
• locations (quasi-dots) inside the area of secondary flame -temperature variations correspond to the course of phenomena as described above (for the entire area of secondary flame).
• Thermal profiles for specific moments of time: -0.2 s -there are nearly no discrepancies between the waveforms recorded for the engines #1 and #2 -within the distance of 0.6 m from the engine jet the temperature rises from 770 K to 1070 K and then to 1170 K within the distance of about 1m from the jet, whilst for the engine #3 the temperature oscillates within the range from 770 to 870 K at the distance of about 2 m from the jet, -0.5 s -similar waveforms are produced by all the engines, the temperature rises from 770 K to 1070 K within the distance of about 0.6m from the engine jet and then to 1170 K at the distance of about 1m. -1.0 s -similar waveforms are produced by all the engines, the temperature rises from 770 K to 1070 K within the distance of about 0.6m from the engine jet and then to 1170 K at the distance of about 1m. The further phase of the investigations consisted in volume increase of the engine combustion chamber by milling a certain amount of propellant. The experiments were carried out after preliminary calculations and with the aim to eliminate the adverse effect of the pressure pulse growth during the initial phase of the engine operation. The measurements that were then carried out on the test bench confirmed correctness of the adopted assumptions and all operational parameters of the engine under tests were in conformity with technical requirements.
Recapitulation and conclusions
When the additional material in the form of an oxidizer bar is introduced into a combustion chamber of a solid-fuel missile engine it leads to substantial drop of the temperature of exhaust gases ejected by the engine and mitigation of the afterburning effects associated with combustion of gaseous products in exhaust mix of the missile engine. Such a method is conducive to limitation of the afterburning flame but is irrelevant to operational parameters of the missile engines. Therefore it seems reasonable to furnish the driving systems of these engines with the oxidizer bar as described above since it improves safety of aircrafts pilots when they launch rocket missiles. Obviously, such a modification must be preceded by thorough investigations of mutual interactions between the weapon and the carrier aircraft in flight.
